To elucidate the connection between blood flow and the localized genesis and development of atherosclerosis and thrombosis at the human carotid artery bifurcation, detailed studies of the flow patterns and distributions of fluid velocity and wall shear rate in this region were carried out using a transparent segment of the carotid artery, prepared from a human subject postmortem, and cinemicrographic techniques. It was found that a recirculation zone which consisted of a pair of complex spiral secondary flows, symmetrical about the common median plane of the bifurcation, was formed in the carotid sinus over wide ranges of inflow Reynolds numbers, Re 0 , and flow rate ratios, Q|/Q o (internal/common). The formation and the size of the recirculation zone were largely dependent on Q|/Qo, as well as on Re fl . The size of the recirculation zone increased from ~ 4 mm at Reo = 300 to a maximum of ~ 9 mm at Reo > 800. The results suggest that, under physiological conditions (Reo ~ 600, Q|/Qo ~ 0.7), a standing recirculation zone exists in the carotid sinus, thereby affecting local mass transfer and interactions of blood cells with the vessel wall, which may lead to the incidence of atherosclerosis and thrombosis in this region. Stroke Vol 15. No I, 1984
Flow Patterns in the Human Carotid Artery Bifurcation
MlNEO MOTOMIYA, M . D . , AND TAKESHI KARINO, P H . D . THERE IS CONSIDERABLE EVIDENCE that both early atherosclerotic changes of vessel walls and the deposition of platelet thrombi occur preferentially at the entrances of branching arteries where, from a fluid mechanical point of view, flow is likely to be disturbed and separation of streamlines from the vessel wall and formation of eddies may occur. Hence, to elucidate the possible connection between blood flow and the localized genesis and development of atherosclerosis and thrombosis, a considerable amount of work, both theoretical and experimental, has been carried out by many investigators. 1 2 Among the theories and hypotheses proposed to account for the localization of atherosclerosis, the causative effects of wall shear stress on atherogenesis have received much attention and are still being fervently debated. Based on his experimental findings in dogs, Fry 3 suggested that atherosclerotic changes occur preferentially at the arterial wall experiencing high shear stress because of the resulting mechanical damage to the arterial endothelium and because of an enhanced transport of lipids, including cholesterol, from the blood to the endothelium. In contrast to this, Caro et al 4 in their post-mortem studies, found that early atherosclerotic lesions in human arteries develop more readily in regions where the wall shear rate is expected to be low, such as at the inner walls of curved vessels and at the hips of bifurcations. Therefore, they suggested that the local wall shear rate exercises a control on atheroma formation through flow dependent diffusion of lipids (synthesized within the arterial wall) away from the vessel wall, leading to the accumulation of lipids in the vessel wall in areas of low wall shear rate.
SUMMARY To elucidate the connection between blood flow and the localized genesis and development of atherosclerosis and thrombosis at the human carotid artery bifurcation, detailed studies of the flow patterns and distributions of fluid velocity and wall shear rate in this region
Because of these contradictory hypotheses on atherogenesis, it became important to obtain exact and precise flow patterns and distributions of shear rate (or shear stress) existing in various branching arteries and to correlate these results with the clinical findings of atherosclerosis and thrombosis.
In the early stage of our investigation into this problem, we described the detailed flow patterns in various glass models of stenoses 5 and T-junctions. 6 -7 More recently, we have developed a new technique to prepare isolated transparent natural blood vessels from animals and humans post-mortem. 8 This has, for the first time, enabled us to study the exact flow patterns and distributions of fluid velocity and shear rate existing in var-
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ious regions of disturbed flow in the mammalian circulation by directly observing and photographing the behavior of tracer particles and blood cells flowing through the isolated transparent blood vessels. The technique was first applied to venous valves to elucidate the mechanism of thrombus formation. 9 The study has since been extended to the major arteries of the cardio-and cerebrovascular systems.
The present paper describes the detailed flow characteristics in the human carotid artery bifurcation. The study was motivated by the fact that one of the most frequent sites for the occurrence of cerebrovascular disease is the area of the carotid artery bifurcation 10 " 14 where, because of the unusual geometrical structure, i.e., bulging of the internal carotid artery at the junction, flow is likely to be disturbed and eddies may form. In fact, formation of such eddies have been demonstrated in vitro using a glass model of the human carotid sinus. 15 l6 Flow separation, stasis and transient flow reversals in the carotid sinus have also been detected in vivo in human subjects. 12 l7~l(l Thus, to gain further insight into this phenomenon, we have carried out in-depth studies of the flow patterns and distributions of fluid velocity and wall shear rate in the carotid artery bifurcation, using a transparent segment of an artery prepared from a human subject post-mortem.
Methods
A 10 cm long arterial segment containing the carotid bifurcation was obtained at autopsy from a 45 year old female within 24 hours of death from acute bronchopneumonia. After clearing the excess tissue, the artery was cannulated at the entrance (common carotid artery) and the two exits (internal and external carotid arteries). The remaining superior thyroid, lingual and facial arteries and other smaller side branches were ligated just downstream from their branching sites. The artery was then gently perfused with isotonic saline to wash out the blood and subsequently fixed by perfusing with a mixture of 2% glutaraldehyde and 4% formaldehyde in normal saline under a pressure of 80 mm Hg while, at the same time, immersing the entire vessel segment in the same fixing solution. The artery was then dehydrated by perfusing with and immersing in ethanol-saline mixtures of progressively increasing ethanol concentration under the same perfusion pressure, and finaily suspended in pure ethanoi. The vessel was mounted on a glass plate and surrounded by a glass chamber. The assembly was then vertically positioned (with the inlet at the bottom) and the vessel was connected via plastic tubing to a head tank and two collecting reservoirs. Finally, the vessel and the surrounding chamber were filled with methyl salicylate (oil of wintergreen) under a transmural pressure of 80 mm Hg and the vessel became transparent.
The transparent vessel prepared by the present method lost its elasticity during the process of fixing and rendering it transparent, although the geometrical arrangement of the natural bifurcation was maintained. The advantage of this new method is that since the vessel walls are so well soaked in the suspending phase liquid (oil of wintergreen), they become transparent without any optical distortion. Thus, one can make observations and measurements of the flow from any direction without the errors arising from optical distortions (due to the difference in the refractive index between the vessel wall and the suspending liquid) which are inevitable when glass models and plastic casts are used.
Dilute suspensions of a mixture of 15, 32 and 200 /urn diameter polystyrene microspheres (p s = 1.06 g/ cm 1 , Particle Information Services, Grants Pass, Oregon) in oil of wintergreen (p = 1.18 g/cm\ r\ = 0.030 g/cm sec) were subjected to steady flow through the vessel, and the motions of the tracer particles were observed through a microscope at nominal magnifications of I X to 15 x and simultaneously photographed on 16 mm cine films using a Locam 16 mm cine camera (Red Lake Labs., Santa Clare, CA) at film speeds from 50 to 500 pictures per second. Tungsten or mercury arc illumination was provided by a Reichert Binolux twin-lamp assembly.
The developed films (Kodak double X-negative) were projected onto a drafting table and the particle paths were analyzed frame by frame using a Vanguard Motion Analyzer (Vanguard Instrument Corp., Melville, N.Y.).
Results

(a) Anatomical Structure of the Bifurcation
It has been shown that the vessel diameter at the carotid artery bifurcation changes considerably with age. In their post-mortem studies, Peterson et al.'°r eported that there was little change in the external carotid, but a substantial increase in the size of the common and internal carotid arteries. The cross-sectional area was found to double in the common carotid and increase more than three times in the internal carotid artery between the ages of 30 and 70 years. Such changes in vessel geometry will certainly affect the distribution of blood in the internal and external carotid arteries which, in turn, will result in the modification of the flow patterns at the bifurcation. Thus, first, it is necessary to describe the geometrical arrangement of the carotid bifurcation. In the present investigation, we attempted to obtain post-mortem arterial segments from relatively young subjects, thereby avoiding the abnormalities in their anatomical structure arising from pathological changes of the vessel walls through the development of atherosclerotic lesions.
Four transparent carotid artery bifurcations were prepared from post-mortem human subjects whose ages ranged from 23 to 45 years and in whom the major cause of death was neither a cerebro-nor cardiovascular episode. Atherosclerotic plaques were found in two vessels. They were localized on the lateral and outer walls of the internal carotid artery at the site of the carotid sinus, leaving the flow divider and the inner walls distal to it intact. The degree of dilation at the sinus was approximately the same for all four bifurcations, while the branching angles varied from ~ 30° to 50°. Figure 1 shows a photograph of the transparent human carotid artery bifurcation used in the present investigation. The bifurcation had the smallest branching angle which would produce minimal flow disturbance in both the internal and external carotid arteries downstream from the flow divider. The measured internal diameters on the common median plane were respectively 5.9 mm for the common carotid (at 15 mm upstream from the flow divider), and 5.2 mm and 3.8 mm for the internal and external carotid arteries respectively (at 2.5 mm downstream from the flow divider). Although the vessels were fixed and hardened under the physiological pressure, the circumferences of the internal and external carotid arteries at the bifurcation were not perfectly circular, especially at the site of the carotid sinus e.g., they were wider on the common median plane. However, in the present investigation, the above given diameter values were used as an approximation in the calculation of Reynolds numbers, area ratios and the flow ratios. The calculated area ratio (the ratio of the sum of the cross-sectional area of the branches to that of the parent vessel) was 1.19 and the branching angle for this particular bifurcation was approximately 30° which was slightly smaller than that reported by others. To obtain a three-dimensional view of the flow through the bifurcation, observations were made along two different diametrical planes located at right angles to each other: the common median plane of the two daughter branches (internal and external carotid arteries) and the plane normal to it. Figure 2 illustrates general flow patterns in the common median plane, obtained in the vessel shown in figure 1 . As shown in the figure, a recirculation zone was formed in the internal carotid artery at the site of the carotid sinus. The formation and the size of the recirculation zone were largely dependent on the flow rate ratio Q,/Q o as well as on Re 0 . The critical Reynolds number, Re c , for the formation of recirculation zones was measured by observing through a microscope the motion of the smallest (15 /xm) diameter polystyrene microspheres located near the outer walls of the two daughter branches (internal and external carotid arteries). The results are shown as a plot of Re c vs. Q,/Q o in figure 3 . At the geometrical flow rate ratio (the flow rate ratio calculated by assuming that the flow into the two branches is distributed proportionally to their cross-sectional areas), Q,/Q o = 0.65 (indicated by the vertical broken dashed line in the figure) , a recirculation zone was formed only in the internal carotid artery at Re 0 ~ 170, grew in size with increasing Re 0 , but was always confined to the carotid sinus. In the external carotid artery, a recirculation zone was formed only when the external carotid artery was severely occluded (Q/Qo > 0-8). The size of the recirculation zone in the carotid sinus was also measured as a function of Re 0 . Figure 4 shows a plot of the measured length of the recirculation zone, L, (distance between the separation point, S,and the stagnation point, R) vs. Re 0 with the flow rate ratio, Q,/Q o , as a parameter. As evident from the figure, the size of the recirculation zone is largely dependent on the flow rate ratio in the two daughter branches. At the geometrical flow rate ratio (Q,/Q u = 0.65), the recirculation zone was formed at Re 0 ~ 170, grew in size with increasing Re 0 and reached a maximum of approximately 9 mm at Re 0 ~ 800, then it decreased slightly as a strong counter-rotating double helicoidal flow developed just downstream from the stagnation point (indicated by the letter R in fig. 2 and 5).
(c) Detailed Flow Characteristics
To obtain further insight into the recirculation flow in the internal carotid artery, studies were focussed on the flow patterns in the carotid sinus. Figure 5 shows the detailed flow patterns (upper) and distributions of fluid velocity and wall shear rate (lower) in the common median plane of the bifurcation. Here, the veloc- ity distributions at various axial locations were obtained by plotting the particle translational velocities (calculated from the tracings of the paths of the tracer particles located in or very close to the common median plane of the bifurcation) and taking the highest value at each radial distance from the vessel wall. Wall shear rates were determined from the slopes of the tangents drawn at the vessel wall on the best fit curves of magnified velocity profiles at various axial locations. As shown in figure 5 (upper), particles were deflected at the flow divider, and traveled laterally and very slowly along the vessel wall above and below the common median plane, almost at right angles to and encircling the mainstream. They then changed direction, moving backward along the outer wall of the internal carotid artery at the site of the sinus, then suddenly changed direction again and were entrained by the rapid mainstream in the common median plane. The velocity profiles on the common median plane (figure 5 lower) were strongly skewed towards the inner walls of the bifurcation, thereby creating a high shear field along the vessel walls downstream from the flow divider where a stagnation point was located. In the carotid sinus, the wall shear rate was extremely low. However, due to the presence of the standing recirculation zone, the wall shear rate, and hence the wall shear stress, changes sign and becomes negative at the separation point (S), and then becomes positive again downstream from the stagnation point (R). Thus, in the carotid sinus, there are regions where the vessel wall is stretched (near the stagnation point, R) or compressed (near the separation point, S) by the counterdirected wall shear stresses.
Discussion
We have described the detailed flow patterns in an isolated, fixed, transparent human carotid artery bifurcation. The experiments were carried out in steady flow using a rigid-walled vessel. Thus, one may argue the applicability of the results to a real situation where STROKE VOL 15, No The solid lines are the paths of particles in or close to the common median plane, and the dashed lines the paths which are far away from the common median plane (projection of the particle paths on the common median plane). The arrows at S and R denote the respective locations of the separation and stagnation points. The numbers on the streamlines (particle paths) indicate the particle translalional velocities in mm sec' 1 .
Lower: Distributions of fluid (particle) velocity and wall shear rate in the common median plane of the human carotid artery bifurcation in steady flow. The measured maximum velocity at each cross-section is given in mm sec' 1 .
the vessel wall is not rigid but elastic and the flow is not steady but pulsatile. In connection with this, Patel et al 21 in their study on the mechanical behavior of blood vessels, have shown that the change in crosssectional area during the cardiac cycle for the human carotid artery is negligibly small (only ± 1.0% of the mean value). Thus, we assumed that the elasticity of the vessel wall would not affect the general flow patterns in the bifurcation. With regard to the pulsatility of the flow, it has been shown in models of stenoses that in pulsatile flow, the size and intensity of the standing vortices formed distal to the stenoses vary periodically in phase with the change of the driving pressure 5 ' u with the axial location of the vortex center and the reattachment point oscillating between maxi-mum and minimum points about the mean which corresponded to the vortex in the absence of the oscillatory flow component. Judging from these previous results, we can expect that in pulsatile flow, the recirculation flows in the carotid sinus would behave in the similar fashion as the annular vortex described above. However, there is some possibility that the sharp pulsation, possibly with slight back flow, which occurs in vivo may facilitate shedding of the eddies (counter-rotating double helicoidal flows) formed downstream from the stagnation point. In this respect, the results presented here may require more careful interpretation.
Nevertheless, the use of the newly developed technique for making large vessels from animals and humans post-mortem transparent has, for the first time, enabled us to obtain the exact flow patterns and distributions of fluid velocity and shear rate existing in the human carotid artery bifurcation. The results demonstrated convincingly that the flow separation and formation of paired spiral secondary flows, previously observed in glass models of the carotid bifurcation" l6 do occur in the natural arteries as well. Of particular interest here was the finding that, in the carotid sinus, a large standing recirculation zone was formed at Re 0 1 70, which is well below the physiological value of Re 0 ~ 600." 24 Thus, there is no doubt that there exists a standing recirculation zone in the human carotid sinus under normal physiological flow conditions. This may explain some of the phenomena clinically observed in vivo; such as the stagnation of the injected radio-opaque contrast media in the origin of the internal carotid artery 12 l7 and the transient reversals of flow in the carotid sinus. 18 -"
The significance of the present finding lies in the potential of the standing recirculation zone in the carotidsinus to act as a promoter of the vascular diseases, atherosclerosis and thrombosis, which tend to be localized in this region.
Though there has been little information on the precise location and distribution of thrombosis and atherosclerosis in the human carotid artery bifurcation, the existing data indicate that atherosclerotic lesions and thrombus formation do occur most frequently at the origin of the internal carotid artery where the carotid sinus is located. Further close examination of the area revealed that the incipient atheromatous plaques are localized on the lateral and outer walls of the internal carotid artery in the region of flow separation, flow reversal and low wall shear stress, 10 -' 3 M strongly emphasizing the importance of the local flow patterns in the carotid sinus in atherogenesis.
In our previous investigation on the flow behavior and interactions of red cells and platelets in an annular vortex formed distal to sudden tubular expansions (serving as models of axisymmeteric stenoses), it was demonstrated that the vortex provided favorable conditions for the genesis, growth and trapping of platelet aggregates. 5 -26 In the successive platelet adhesion experiments, where the effect of local flow patterns on the initial deposition of platelets onto the vessel wall was investigated in detail, it was also shown that the adhesion of cells to the vessel wall was significantly enhanced in the region of disturbed flow. 27 Both in steady and pulsatile flow, platelet adhesion was localized within the vortex and downstream on either side of the reattachment point with a local minimum at the reattachment point itself. The localization of cell adhesion became more pronounced as the hematocrit increased. The mechanism of this localization of platelet adhesion was explained as being due to the enhanced transport of platelets to the wall along the radially directed streamlines existing in the vicinity of the reattachment (stagnation) point as shown in figure 6 . The significance of the above finding is that this same mechanism may apply not only to cellular elements but also to macromolecules such as plasma proteins and lipids including cholesterol. The effect will be further enhanced by the convective motion of red cells around the reattachment point. This will, in turn, result in an increased diffusion and convective transport of materials in the blood as well as across the endothelium, eventually leading to their accumulation in the vessel wall in the region of disturbed flow on either side of the reattachment (stagnation) point. It follows from this hypothesis that the deposition of platelet thrombi and early atherosclerotic lesions will be localized wherever there is a stagnation point (or a reattachment point if it is associated with flow separation) where blood cells are carried by the flow toward the vessel wall along curved streamlines having a pronounced radial velocity component.
The flow pattern in the carotid sinus resembles to some extent that of the annular vortex described above. Hence, if the above mechanism operates in the human carotid artery bifurcation, one would predict a relatively higher adhesion of platelets, hence higher risk of thrombus formation, and a higher incidence of athero-sclerosis in the region of disturbed flow in the carotid sinus, especially on the outer wall of the internal carotid artery where a stagnation point is located.
The above hypothesis differs from that of a shear rate-dependent atherogenesis by Fry 3 and Caro et al 4 and may provide an alternate explanation for the localized genesis and development of atherosclerosis and thrombosis in the circulation. In fact, as described earlier, the preferential areas for the genesis and development of atherosclerotic lesions clinically found in the human carotid artery bifurcation are in good agreement with that predicted by the above hypothesis.
It is also speculated that the standing recirculation zone in the carotid sinus may have some effect on baroreceptor action through the counter-directed shear stress-mediated deformation of the vessel wall in the carotid sinus where nerve endings are concentrated. 28 STROKE VOL 15 CEREBRAL ANGIOGRAPHIC and pathologic studies have shown a difference in the atherosclerotic changes in stroke patients between Japanese and United States populations; 1 -2 Japanese patients have been shown to have more severe lesions intracranially, whereas American patients have more severe lesions extracranially. In patients with transient ischemic attacks (TIA), the cervical portion of the carotid artery has been the focus of etiological attention in Western nations. In Japan, however, the intracranial portion of the carotid artery or the stem of the middle cerebral artery have been found to be the likely site of severe
